Background and objectives: Hyperphosphatemia is an independent risk factor for mortality in ESRD, but factors regulating phosphate clearance on peritoneal dialysis (PD) are incompletely understood. The objective of this study was to test the hypothesis that peritoneal phosphate clearance is better with continuous ambulatory PD (CAPD) as compared with continuous cyclic PD (CCPD) after adjusting for membrane transport status.
H yperphosphatemia is a strong predictor of overall and cardiovascular mortality in ESRD patients treated with peritoneal dialysis (PD) therapy (1, 2) . Despite this well established risk, approximately 40% of PD patients have serum phosphate concentrations above levels recommended by current guidelines (2) . Control of hyperphosphatemia is difficult to achieve for several reasons. First, dietary phosphate restriction is characterized by poor adherence and if achieved can result in protein malnutrition (3) . Second, the use of phosphate binders, although effective, is associated with secondary effects, including hypercalcemia, gastrointestinal disturbances, and poor adherence (4, 5) . Finally, in PD patients phosphate control is known to deteriorate as residual renal function declines, which may contribute to sustained hyperphosphatemia (6) . In addition to these factors, peritoneal phosphate clearance plays a role in achieving adequate phosphate homeostasis, although this component of phosphate balance has not been well studied.
In PD patients, diffusive and convective transport of phosphate across the peritoneal membrane contributes to overall phosphate homeostasis. Phosphate is surrounded by an aqueous layer because of its hydrophilic properties and may behave like a larger molecule with respect to solute clearance (7) . Because peritoneal phosphate clearance is time-dependent, it may be altered with different peritoneal dialysis modalities and across different peritoneal membrane transport categories (8) . These clearance properties have not been well characterized because previous studies were limited by small sample size and no adjustment for peritoneal membrane transport category (9 -11) . Accordingly, the objective of this study was to determine the effect of membrane transport characteristics and PD modality on peritoneal phosphate clearance in a prevalent PD population. We hypothesized that peritoneal phosphate clearance would be inferior in patients with lower transport membranes when treated with PD modalities with shorter dwell times such as continuous cyclic PD (CCPD) compared with those treated with continuous ambulatory PD (CAPD).
Materials and Methods

Study Population
This was a cross-sectional and retrospective study conducted at The Ottawa Hospital home dialysis unit. The Ottawa Hospital is a tertiary care center providing regional dialysis services to a population of 1.5 million. The study protocol was approved by The Ottawa Hospital Research Ethics Board. Patients included in this study were on CAPD or CCPD for a minimum of 3 mo and were followed between January 1, 2005 and December 31, 2006. We excluded patients who were treated with nocturnal intermittent PD.
Data Collection
Baseline patient demographic characteristics were collected and peritoneal membrane transport category was determined by the closest peritoneal equilibration test (PET) to the time of measurement of dialysis adequacy. PET tests were performed in the morning with 2L of 2.5% dextrose solution (Dianeal 2.5%, Baxter Healthcare, Deerfield, Illinois, USA). The long overnight dwell before the PET was performed with 2.5% Dianeal solution. Dialysate/plasma (D/P) creatinine ratio was measured at 4 h and used to classify patients as low (D/P creatinine Յ0.49), low average (D/P creatinine 0.50 to 0.64), high average (D/P creatinine 0.65 to 0.80) or high (D/P creatinine Ն0.81) transporters according to the criteria defined by Twardowski et al. (12) . CAPD was defined as three or more manual twin bag exchanges per day and CCPD was defined as three or more exchanges using a cycler with at least one daytime dwell. There was no restriction on maximum number of exchanges or volumes. Cycler patients with more than one daytime exchange were classified as CCPD.
In our program, all PD patients undergo measurements of dialysis adequacy and phosphate clearance 4 wk after initiation, and then every 6 mo. Additional adequacy testing is performed 1 mo after any change in the dialysis prescription or when indicated clinically. If patients had more than one measurement of dialysis adequacy and phosphate clearance, the first one was included in the analysis. Measurements of both peritoneal and renal Kt/V urea and creatinine clearances, GFR, body surface area (BSA), and protein catabolic rate were calculated by using PD Adequest 2.0 for Windows software (Baxter Healthcare, Deerfield, Illinois, USA). Presence of residual renal function was defined as GFR Ն1 ml/min/ 
Statistical Analyses
Results were expressed as frequencies and percentages for categorical variables, mean Ϯ SD for continuous variables, and median and interquartile range for nonparametric data. Patients were divided according to PD modality (CAPD or CCPD) as well as by peritoneal membrane transport status. Low and low-average transporters were combined because of the small number of low transporters in our population. Differences between the two PD modalities were compared using the t test where data were parametric and the Mann-Whitney U test if nonparametric. Distributions of categorical variables across the three transport groups were compared by means of 2 
Results
Patient Characteristics
During the 2-yr study period, a total of 194 PD patients underwent at least one measurement of dialysis adequacy. Of these 194 patients, 27 patients were excluded because they had not completed 3 mo on PD, 24 automated PD (APD) patients were excluded because of treatment with nocturnal intermittent PD, 4 were excluded for incomplete data collection, and 10 were excluded because of incremental PD with fewer than three exchanges per day. The remaining 129 patients were included in this analysis. Characteristics of the population by modality and membrane transport category are described in Tables 1a  and 1b respectively. Of the 129 patients, 62 (48%) patients were treated with CAPD, and 67 (52%) with CCPD. When classified by membrane transport category, 22 (17%) were high transporters, 76 (59%) were high-average transporters, and 31 (24%) were low-average or low transporters. Patients treated with CCPD were more likely to be male, and tended to have lower residual GFR and higher transporting membranes. When classified according to the membrane transport category, the only significant baseline difference was the higher serum albumin in lower transporters.
Peritoneal Ultrafiltration and Urea and Creatinine Clearances
There were no significant differences in peritoneal ultrafiltration between the two PD modalities or across the membrane transport categories (Tables 2a, 2b ). The CCPD group had higher peritoneal Kt/V urea than the CAPD group (1.86 Ϯ 0.4 versus 1.62 Ϯ 0.3 P Ͻ 0.001), but there was no difference in peritoneal creatinine clearance between the two modalities (47 Ϯ 12.8 versus 44 Ϯ 8.1 L/wk/1.73 m 2 BSA, P ϭ 0.11) (Table  2a) .
Patients with high-transport membranes had higher peritoneal Kt/V (1.94 Ϯ 0.5 versus 1.71 Ϯ 0.4 versus 1.68 Ϯ 0.3, for high, high-average, and low-average-low membranes respectively, P ϭ 0.035) and higher peritoneal creatinine clearance (53.9 Ϯ 14.2 versus 45.8 Ϯ 8.8 versus 39.2 Ϯ 8.5 L/wk/1.73 m 2 , for high, high-average, and low-average-low membranes respectively, P Ͻ 0.001) (Table 2b) .
Peritoneal Phosphate Clearance
When examined by PD modality alone, there was no significant difference in peritoneal phosphate clearance between those treated with CCPD or CAPD (38.3 Ϯ 12 versus 40.9 Ϯ 10.4 L/wk/1.73 m 2 , P ϭ 0.199). When examined by membrane transport category alone, the patients in the low-average and low membrane transport categories had lower peritoneal phosphate clearance than the high-average or the high membrane transport categories (33.2 Ϯ 8.5 versus 39.2 Ϯ 10.3 versus 49.6 Ϯ 11.4 L/wk/1.73 m 2 , respectively, P Ͻ 0.001).
When peritoneal phosphate clearance by modality was examined for each membrane category, there was no significant difference in phosphate clearance between the modalities in the high transport category ( Figure 1 and Table 3 ). In the high average category, however, there was significantly higher 2 , P ϭ 0.01). In the low-average and low membrane category, treatment with CAPD was associated with significantly higher phosphate clearance than CCPD (35.6 Ϯ 5.9 versus 28.9 Ϯ 11 L/wk/1.73 m 2 , P ϭ 0.034). There was no significant difference in peritoneal creatinine clearance between the two modalities across any of the membrane transport categories (Table 3) .
Determinants of Peritoneal Phosphate Clearance
There was a strong correlation between mean peritoneal phosphate clearance and mean peritoneal creatinine clearance (r ϭ 0.67, P Ͻ 0.001). On simple linear regression, peritoneal creatinine clearance and Kt/V directly correlated with peritoneal phosphate clearance whereas serum albumin, high-average transporter category, and low-average -low transporter category were negatively correlated with peritoneal phosphate clearance (Table 4) . Multivariate linear regression confirmed that both membrane transport category and PD modality were independently associated with peritoneal phosphate clearance. It is important to note that these findings were independent of peritoneal creatinine clearance. With CAPD as the reference, multivariate regression showed that CCPD had inferior peritoneal phosphate clearance. With high transport status as the reference, high-average and low-average-low transporters both had inferior peritoneal phosphate clearance. Peritoneal creatinine clearance was positively associated with peritoneal phosphate clearance but peritoneal Kt/V urea did not remain significant on multivariate regression analysis.
Discussion
The major novel finding in this study is that PD modality is a significant determinant of peritoneal phosphate clearance with superior peritoneal phosphate clearance associated with treatment with CAPD except among high transporters. This clinical study is the first to address the determinants of peritoneal phosphate clearance in a large, prevalent PD population with standard dialysis prescriptions. These findings are important considering the fact that in the Unites States about twothirds and globally about one-third of PD patients are treated with automated peritoneal dialysis (APD) (14 -15 erence and lifestyle are the most common indications to choose APD as a PD modality (16), and many low average and low transporters are treated with APD and achieve adequate Kt/V urea and ultrafiltration with this modality. Our data suggest that peritoneal phosphate clearance should also be considered when choosing PD modality. Modality choice may be of particular significance to anuric PD patients because these patients are known to have worse phosphate control than those with residual GFR (6) . For an anuric patient with a constant daily phosphate load and no net flux of phosphate from bone, the serum phosphate is an inverse function of the peritoneal phosphate clearance. Thus, our finding that treatment with CAPD was associated with an increase in peritoneal phosphate clearance of 16% among high-average transporters and 23% among low-average and low transporters compared with CCPD suggests that PD modality may play an important role in control of serum phosphate among anuric patients. Among anuric patients, this difference in phosphate clearance between the two modalities could result in differences in serum phosphate of 0.2 to 0.4 mmol/L, depending on baseline levels. In patients with well preserved residual renal function these differences in peritoneal clearances are unlikely to be of clinical significance because they are minor in comparison to renal phosphate clearance (6) .
We observed a strong correlation between peritoneal phosphate and creatinine clearance in both of the PD modalities. In our multivariate regression analysis, peritoneal phosphate clearance was independently associated with peritoneal creatinine clearance and not with Kt/V urea. These findings confirm that peritoneal creatinine clearance can be used as a surrogate (17, 18) . Our data suggest that focusing only on urea for assessment of dialysis adequacy may result in inadequate clearance of phosphate (19) .
It is known that experimentally, peritoneal urea and creatinine clearances can be maximized on APD through manipulation of the number of cycles, total cycler volume, and the amount of tidal volume (20, 21) . Juergensen and colleagues have reported that increasing the number of APD cycles from 7 to 12 and the total cycler volume by 70% to 24 L improved peritoneal phosphate clearance by 19% (20) . The effect of decreasing the number of cycles and increasing dwell time on peritoneal phosphate clearance on APD has not been systematically studied. Our findings of increased peritoneal phosphate clearance among lower transporters with CAPD suggest that a strategy of increasing cycler dwell times may be effective in the patients with lower membrane transport status. For those with high transporting membranes more frequent cycling as described by Jurgensen et al. may be an effective strategy. This highlights the importance of individualizing PD prescriptions on the basis of membrane transport status.
Our findings expand upon the work of other groups who have compared phosphate clearance between CAPD and CCPD by adjusting for peritoneal membrane transport category. Sedlacek et al. reported that phosphate clearance is increased in higher transporters compared with lower transporters in CAPD as well as CCPD groups (9) . Prior direct comparisons of phosphate clearance between CAPD and CCPD, however, have not shown significant differences in peritoneal phosphate clearance (9,10), or shown worse peritoneal phosphate clearance on CAPD (11) . The lack of separate analysis of membrane and modality effect in these studies may have obscured the finding that CAPD produces superior peritoneal phosphate clearance than CCPD among lower transport groups with standard PD prescriptions. In our population, lower transporters were significantly more likely to be treated with CAPD and higher transporters more likely to be treated with CCPD. High transporters have more rapid equilibration of phosphate across the peritoneal membrane, which likely accounts for the lack of modality effect that we observed in this group. Thus, a propensity to treat higher transporters with CCPD and lower transporters with CAPD may mask the effect of modality when membrane status is not controlled for.
The strengths of our study include a large study population and adjustment by multivariate linear regression analysis of the known variables that could influence peritoneal phosphate clearance. Moreover, we excluded all of the measurements of dialysis dose and phosphate clearance done in the first 3 mo of PD to remove the possible bias of incident patients with inadequate dialysis. We reported peritoneal phosphate clearance instead of peritoneal phosphate removal because it is assumed that phosphate removal is indicative merely of phosphate intake in the steady state and is not a measure of dialysis dose with respect to phosphate. One limitation is that this is a cross-sectional and observational study. We assessed a crosssection of the PD population who were receiving standard prescriptions and adequate dialysis on CAPD or APD, but did not attempt to assess the effect of tidal regimens, dwell times, or number of cycles on phosphate clearance.
Conclusions
This study contributes to our understanding of peritoneal phosphate clearance by highlighting the importance of peritoneal membrane transport status and PD modality. Peritoneal creatinine clearance, but not Kt/V urea, is a strong determinant of peritoneal phosphate clearance and may be used as a surrogate. In patients with inadequate phosphate control on APD, it is logical to consider PD prescription modifications to maximize dwell time and increase peritoneal creatinine clearance rather than an immediate increase in phosphate binder prescription.
